Transfer of an IncP plasmid carrying the Rhizobium meliloti nodFE, nodG, and nodH genes to Rhizobium trifolii enabled R. trifolii to nodulate alfalfa (Medicago sativa), the normal host of R. meliloti. Using transposon Tn5-linked mutations and in vitro-constructed deletions of the R. meliloti nodFE, nodG, and nodH genes, we showed that R. meliloti nodH was required for R. trifolii to elicit both root hair curling and nodule initiation on alfalfa and that nodH, nodFE, and nodG were required for R. trifolii to elicit infection threads in alfalfa root hairs. Interestingly, the transfer of the R. meliloti nodFE, nodG, and nodH genes to R. trifolii prevented R. trifolii from infecting and nodulating its normal host, white clover (Trifolium repens (2, 23, 32, 40, 41) . The nodA, nodB, and nodC genes are referred to as common nod genes; these genes are conserved both structurally and functionally between Rhizobium and Bradyrhizobium species (10); the nodulation-defective phenotype of an R. meliloti mutant carrying a mutation in any one of these three genes can be complemented by the homologous cloned nodulation gene from another Rhizobium species (7, 23). Transfer of the common nodulation genes between species has no effect on host range. On the basis of these observations, it has been concluded that the common nodulation genes code for essential, evolutionarily conserved steps in the nodulation process that are common to all Rhizobiumlegume symbioses (for reviews, see references 10 and 25).
Bacteria of the genus Rhizobium elicit nitrogen-fixing nodules on the roots of leguminous host plants. In general, a particular Rhizobium species elicits nodules on a limited number of host legumes (25) . For example, Rhizobium meliloti nodulates Medicago, Melilotus, and Trigonella species; R. trifolii nodulates Trifolium species; and R. leguminosarum nodulates Pisum and Vicia species. In all of these symbioses, nodulation is a complex process involving the following steps: recognition between the symbionts, attachment of Rhizobium to root hairs, root hair curling, infection thread formation within root hairs, initiation of a nodule meristem, and nodule organogenesis (12, 25, 42) .
In R. meliloti, genes involved in the early stages of the infection process (nodulation genes [nod genes]) are located on a megaplasmid called pSymA (2, 23, 32, 40, 41) . The nodA, nodB, and nodC genes are referred to as common nod genes; these genes are conserved both structurally and functionally between Rhizobium and Bradyrhizobium species (10) ; the nodulation-defective phenotype of an R. meliloti mutant carrying a mutation in any one of these three genes can be complemented by the homologous cloned nodulation gene from another Rhizobium species (7, 23) . Transfer of the common nodulation genes between species has no effect on host range. On the basis of these observations, it has been concluded that the common nodulation genes code for essential, evolutionarily conserved steps in the nodulation process that are common to all Rhizobiumlegume symbioses (for reviews, see references 10 and 25) .
In contrast to the common nodulation gene, R. meliloti also has a set of genes (nodFE, nodG, and nodH; nodFEGH are also referred to as hsnABCD, where hsn stands for host specificity of nodulation) that appear to be involved in defining the R. meliloti host range (7, 20, 38) . Thus, whereas transfer of R. meliloti nodABC to R. trifolii had no effect on the R. trifolii host range, transfer of nodFE plus nodG plus nodH allowed R. trifolii to nodulate alfalfa (7, 30) . The nodH gene appears to be unique to R. meliloti, and although nodF * Corresponding author. and nodE are conserved at the nucleotide sequence level among several Rhizobium species (8, 14, 20) , mutations in these genes cannot be complemented by the homologous genes from other Rhizobium species (7, 20, 23 ). An additional line of evidence that nodH and nodFE are involved in determination of host specificity is that certain R. meliloti nodH or nodFE mutants elicit marked root hair curling on heterologous hosts such as clover and vetch (7, 20) , whereas wild-type R. meliloti has no effect on these hosts.
In addition to the common and host-specific nodulation genes, R. meliloti has three functional copies of a regulatory gene, nodD (16, 17) , that are responsible for activating the expression of the other nod genes in the presence of flavone root exudates (29) . On the basis of the criteria stated above, the R. meliloti nodD, gene was originally designated as a common nodulation gene (10 (17, 19, 36) .
In this report we provide additional data on the role of the R. meliloti nodH, nodFE, and nodG genes in host range determination by studying the changes in symbiotic behavior associated with the transfer of these genes to R. trifolii.
MATERIALS AND METHODS
Microbiological techniques. Bacterial strains, plasmids, and bacteriophages are described in Table 1 and Fig. 1 .
Conditions used for bacterial growth, conjugation, and transduction have been described previously (7, 40) . Selection for Escherichia coli C2110 and GM13540 was carried out in 10 and 25 ,ug of nalidixic acid per ml, respectively. Other antibiotic concentrations are given in references 7 and 40.
The transfer of TnS insertions from R. meliloti pSymA to pGMI515 was performed as follows. E. coli GMI35 40(pGMI515) and R. meliloti 2011(pSymA: :TnS) were grown to mid-log phase in TY medium and mixed in equal volumes, and 2.5 ml of the mixed culture was collected on nitrocellulose filter membrane (diameter, 2.5 cm) and incubated over- (26) . Isolation of total DNA from R. meliloti was performed as described previously (1) . A nick translation kit from Boehringer Mannheim was used for radiolabeling DNA. Southern blotting and DNA hybridization using GeneScreen Plus were carried out as specified by the manufacturer (New England Nuclear Corp.).
Construction of deletions in the nodHFEG region. The deletions were first constructed in pGMI174, a pBR322 derivative that carries a 6-kilobase-pair EcoRI-PstI DNA fragment containing the R. meliloti nodH, nodFE, and nodG genes (8) Fig. 1 .
To transfer the deletions to R. meliloti, the deleted pGMI174 derivatives containing the Kmr cassette were digested with EcoRI and then ligated into the EcoRI site of pRK290. The resulting cointegrate plasmids were selected by transforming E. coli C2110polA with the ligation mixture. The cointegrate plasmids were then transferred to R. meliloti 1021 by triparental mating with pRK2013 as the helper plasmid (9) . The deletions tagged by the Kmr cassette were crossed into R. meliloti 1021 pSymA by marker exchange (33) with pPHlJI (3). All the constructions were verified by Southern hybridization. The deletions were eventually transferred to wild-type R. meliloti 2011 by transduction with bacteriophage N3 (27) and then to plasmid pGMI515 as described above for the transfer of TnS insertions to pGMI515.
Plant assays. Nodulation assays and plant treatments for light or electron microscopy have been described previously (7, 28, 31) . To isolate bacteria from clover nodules, we sterilized nodules for 5 min in calcium hypochlorite (33 mg/ ml), rinsed them five times in sterile water (the sterility of the last rinse was checked by plating a sample on TY agar), and crushed them in 0.5 ml of sterile water; bacteria were isolated on TY plates.
RESULTS
Transfer of alfalfa nodulation ability to R. trifoii ANU843. We showed previously that transfer of the R. meliloti nodulation region carried on the recombinant plasmid pGMI149 ( Fig. 1 ) to R. trifolii enabled R. trifolii to elicit nodules on alfalfa (7). In the current set of experiments, we sought to differentiate between the roles of the R. meliloti common and host-specific nodulation genes in this process. Specifically, to determine whether the R. meliloti host-specific nodulation region is sufficient to alter the host range of R. trifolii, we introduced pGMI515 ( Fig. 1 ) into wild-type R. trifolii ANU843. pGMI515 carries nodH, nodFE, nodG, nodD3, and the so-called region II (7), which affects the efficiency of infection and nodulation. pGMI515 does not carry nodABC or nodDj. (Fig. 2B) ; when observed in longer root hairs, the small, white threads did not reach to the base of the root hair (Fig. 2C) .
The ineffective nodules elicited by ANU843(pGMI515) arose from inner cortical cells (Fig. 2D ) and showed the typical histological organization of indeterminate nodules with an apical meristem, peripheral vascular bundles, and an outer endodermis (Fig. 2E) . Transfer cells, associated with vascular bundles, were also observed (data not shown). The submeristematic and the central cells of these nodules were filled with amyloplasts but were completely devoid of infection threads or released bacteria (Fig. 2E) . Interestingly, a significant amount of intercellular infection was located in the epidermal and in the outermost cortical cells of 10 developing nodules that were studied (Fig. 2F) .
The ANU843(pGMI515)-elicited nodules contained both intercellular and intracellular bacteria (Fig. 3A) . Intercellular bacteria were often surrounded by electron-dense particulate plant material and were sometimes appended to the outer surface of plant cell walls (Fig. 3B) . Intracellular bacteria were embedded in a fibrillar matrix surrounded by the plant cell wall (Fig. 3A and C) ; it is likely that these bacteria originated from intercellular penetration of bacteria and local cell wall dissolution (Fig. 3A) . Whatever their location, no elongated bacteroid forms were observed, and the bacteria seemed senescent, as indicated by their abnormal morphology and electron-dense cytoplasm ( Fig. 3B and  C) .
R. trifolii ANU843(pGMI515) is unable to nodulate clover. It has been reported that the introduction of a heterologous symbiotic plasmid into a Rhizobium strain can affect nodulation of its normal host (4, 22) . To test whether the transfer of pGMI515 to R. trifolii ANU843 had this effect, we inoculated ANU843(pGMI515) on white clover seedlings (Trifolium repens cv Ladino). Contrary to the control, ANU843(RP4), which was Hac+ Inf' Nod' (Table 2; Fig. 4A), ANU843(pGMI515) was not able to curl clover root hairs (Hac-), to induce infection threads (Inf-) ( Table 2 ; Fig.  4B ), or to elicit nodule formation (Nod-) ( Table 2 ). These results indicate that the R. meliloti host range genes are epistatic to and/or dominant over the R. trifolii host range genes when both sets of genes are present in R. trifolii. The terminology "epistatic and/or dominant" is used here since it is not known whether genes homologous to all of the R. meliloti host range genes exist in R. trifolii.
Mutagenesis of R. meliloti host range genes. To assess the roles of the R. meliloti nodH, nodF, nodE, and nodG genes and of region II in the epistasis and/or dominance over the R. trifolii nodulation genes, previously obtained (7) Tn5 insertion mutations in nodH, nodF, nodE, nodG, and in region II were transferred from R. meliloti pSymA into pGMI515 by homologous recombination (see Materials and Methods). In addition, to study the effect of inactivation of various combinations of nodFEGH genes, a new set of deletion-insertion mutations in nodF, nodE, nodG, nodH, nodFE, nodFEG, nodFEH, and nodFEGH ( Fig. 1) was constructed in E. coli in a pBR322 derivative carrying the R. meliloti hsn region (see details in Materials and Methods). To transfer the deletion-insertion mutations to the R. meliloti genome, the deleted pBR322 derivatives were recloned in the broad-hostrange vector pRK290 by using the kanamycin resistance cassette that had been inserted into each deletion. The deletion-insertion mutations were then conjugated into R. meliloti and crossed into R. meliloti pSymA by homogeno-... tization (33) and from pSymA onto pGMI515 by homologous recombination as described in Materials and Methods.
Role of R. meliloti nodFE, nodG, nodH, and region II in host range transfer to R. trifolii. R. trifolii ANU843, which contained mutated derivatives of plasmid pGMI515 carrying various TnS insertions or deletions, was inoculated on alfalfa seedlings; data concerning the kinetics of nodulation and microscopic observation of early symbiotic steps are presented in Table 2 carrying various TnS insertions and deletions in nodH, nodF, nodE, nodG, and region II were inoculated on clover seedlings, and the number of nodules elicited was recorded over a period of 3 weeks. Cytological studies were conducted to verify the structure of elicited nodules. In addition, bacteria were reisolated from nodules, and their plasmids were extracted and characterized by restriction analysis. All tested bacteria contained pGMI515 carrying the TnS insertion or the deletion that had been introduced into them, indicating that the formation of nodules was not due to loss of the pGMI515 derivative. Each of the TnS insertion mutations had some effect on the inhibitory properties of pGMI515 (Table 2) ; however, none of these mutations allowed ANU843(pGMI515) to nodulate as efficiently as the ANU843(RP4) control (Fig. 6 ). Mutations in nodH and region II had less effect on the inhibitory phenotype than did mutations in nodF; i.e., both nodH and nodF mutations allowed nodules to form on clover, but considerably more nodules were formed when pGMI515 contained a Tn5 insertion in nodF (Fig. 6) . Two different nodE insertions gave somewhat different results; one insertion had a phenotype similar to the nodH insertion, and the other had a phenotype intermediate between the nodH and nodF insertions (Fig. 6) . In any case, the fact that a TnS insertion in nodF allowed more nodules to be formed on clover than did either insertion in nodE suggests that nodF has an effect separate from that of nodE; i.e., the observed phenotype of the nodF::Tn5 mutant was not simply due to polarity of the TnS insertion on the downstream nodE gene. All the TnS-induced mutants tested had a Hac+ Inf+-phenotype. The infection threads formed were very short, and there were far fewer than with ANU843(RP4) (Fig. 4C) . These results indicate that the inhibitory effect of pGMI515 is not due to a single gene; at least three genes, nodF, nodE, and nodH, are involved.
When ANU843(pGMI515) containing deletions in one or several of the R. meliloti nodH, nodF, nodE, or nodG genes was used to inoculate clover, the kinetic analysis of nodulation suggested that inactivation of both nodH and nodFE was required to restore the ability to nodulate clover as well as ANU843(RP4) did (Fig. 7) . Deletions inactivating nodH, nodF, nodE, nodG, nodFE, and nodFEG genes restored only a partial ability to nodulate clover.
The response of clover to inoculation with ANU843 carrying the deleted versions of pGMI515 was also studied at the microscopic level (Table 2 ). Ten days after inoculation, ANU843(pGMI515) mutants with deletions covering at least nodFE and nodH were Hac+ Inf+ like the ANU843(RP4) control strain (Fig. 4D) . ANU843(pGMI515) mutants deleted in nodH, nodF, nodE, and nodFE induced the formation of a reduced number of shepherd's crooks in comparison with ANU843(RP4), and the rare infection threads observed were most often seen on the top of a developing nodule (Fig. 4E) . Finally, ANU843(pGMI515) mutants deleted in nodG had a Hacs Infphenotype (Fig. 4F) . These experiments suggest that a combined effect of R. meliloti nodF, nodE, and nodH is responsible for the blocking of clover nodulation observed when plasmid pGMI515 is introduced in R. trifolii. DISCUSSION A number of previously published results have suggested that the R. meliloti nodFE, nodG, and nodH genes are involved in the control of host range specificity. First, mutations in the R. meliloti nodFEGH genes could not be functionally complemented by cloned nodulation genes from other Rhizobium species (7, 20, 23) . Second, R. meliloti mutants affected in these nodulation genes had a modified host range (7, 20) ; they were not only defective in infection and nodulation of alfalfa, but they could also induce marked root hair curling and infection thread initiation on heterologous hosts (Vicia or Trifolium species), which wild-type R. mneliloti could not do. Third, transfer of both the nodABCD, and nodFEGH clusters to R. trifolii extended the R. trifolii host range to alfalfa, whereas transfer of the nodABCD, cluster alone had no effect on the R. trifolii host range (7, 30, 38) .
In this report we provide direct evidence that nodH, nodFE, and nodG determine the host range of R. meliloti. In all micrographs, the bar represents 100 ,um.
showed that transfer to R. trifolii of plasmid pGMI515, which contains the R. meliloti nodFEGH region but not the nodABCD1 cluster, enabled R. trifolii to nodulate alfalfa. Second, using Tn5-induced mutations and in vitro-constructed deletions, we showed that R. meliloti nodFE, nodG, and nodH genes are necessary for the extension of the R. trifolii host range to alfalfa. Third, using cytological techniques, we showed that the nodH gene, when introduced into R. trifolii on pGMI515, is responsible for alfalfa root hair curling, whereas nodFE genes play a role in infection thread formation within root hairs. It is significant that the same functions had previously been assigned to nodH and nodFE in the homologous R. meliloti-alfalfa symbiosis (7, 20, 38) .
We also found that R. trifolii carrying pGMI515 elicited the formation of short abortive infection threads and invaded alfalfa roots through an intercellular penetration mechanism that is different from the usual infection pathway via infection threads initiating within the root hairs that penetrate through the root cortex. Such an atypical mode of infection of alfalfa has already been described with R. meliloti mutants defective for exopolysaccharide synthesis (24) and with Agrobacterium tumefaciens transconjugants carrying the R. meliloti pSymA nodulation region (41) . All of these observations indicate that the induction of nodules does not require the development of a network of infection threads initiating within the root hairs. Despite the inability of R. trifolii ANU843(pGMI515) to initiate normal nodulation of alfalfa, the fact that nodules were elicited suggests that the hsn region determines not only the specificity of hair curling and infection thread initiation but also the specificity of nodule initiation.
Other genes carried by pGMI515, in particular those present in region II, appear to affect the efficiency of nodulation of alfalfa, since the transfer to R. trifolii of R. meliloti nodFEGH genes alone resulted in a very weak nodulation of alfalfa (30) .
Several experiments involving the transfer of symbiotic plasmids or cloned nodulation genes between various Rhizobium species have been reported (4, 11, 18, 22) . In general, a Rhizobium species that acquires nodulation genes from another Rhizobium species still nodulates its original host, although it may acquire the ability to nodulate a heterologous host as well. On the other hand, a type of physiological incompatibility between different pSym plasmids has been described. An R. leguminosarum strain carrying two pSym plasmids, one eliciting the nodulation of French bean and the other eliciting the nodulation of pea, was able to nodulate both hosts. In pure culture (ex planta) the two plasmids were stably maintained. However, most strains reisolated from the nodules of one host had lost the pSym, allowing the nodulation of the other host (4 In the experiments reported here, we encountered an extreme case of negative interference between symbiotic genes. When pGMI515, which carries the R. meliloti hsn region, was conjugated into R. trifolii, the transconjugants, although acquiring the ability to nodulate alfalfa, lost the ability to infect and nodulate clover. Consistent with this observation, the introduction of cloned R. trifolii nodulation genes into R. meliloti did not extend the host range of R. meliloti (21) . It appears that R. meliloti host range genes are dominant over and/or epistatic to those of R. trifolii, depending on whether R. trifolii has genes homologous (or analogous) to the R. meliloti nodFE and nodH genes. This epistasis and/or dominance was overlooked in previous studies in which the R. meliloti hsn region was introduced into R. trifolii in cloning vehicles derived from pRK290 (38; S. Sharma, personal communication); such vectors are known to be less stable in Rhizobium than RP4 (34, 39) , and it is likely that the nodules formed by these R. trifolii transconjugants were formed by cells that had lost the pRK290-derived plasmid. It appears that demonstration of epistasis and/or dominance in our case was made possible by the use of the very stable self-transmissible plasmid RP4 as a cloning vector.
The host specificity of phytopathogenic bacteria has recently been shown to be determined by avirulence (avr) genes (15, 37) . The introduction of a given avr clone can change the race specificity from virulent (compatible) to avirulent (incompatible) on the appropriate plant cultivars.
The avr gene can be dominant in the presence of virulence alleles (15) or epistatic to nonallelic genes (37) . Because Djordjevic, personal communication); nodH is therefore most probably epistatic to nonallelic genes in R. trifolii. These formal analogies between the genetic control of host range in pathogenic and symbiotic bacteria might reflect some similarities at the molecular level.
The molecular basis for the epistasis and/or dominance by R. meliloti host range genes is not known. Innes et al. studied whether R. trifolii nodulation genes were properly expressed in the presence of pGMI515 (21) . Using nod::lac transcriptional fusions, they showed that the introduction of pGMI515 into R. trifolii did not change the transcription pattern of the R. trifolii nodA gene and did not significantly repress the transcription of R. trifolii genes involved in host specificity. R. meliloti host-specific genes may act instead at the translational level, or the epistasis and/or dominance may be explained by the activity of specific gene products rather than by changes in gene expression. For example, the R. meliloti nodFE and/or nodH genes may code for enzymes that alter a specific substrate required for clover nodulation into a product required for alfalfa nodulation. Because the inactivation of both nodFE and nodH is necessary to restore full nodulation of clover by ANU843(pGMI515), it is likely that nodFE and nodH products are not involved in a linear metabolic pathway; otherwise, the inactivation of either one should be sufficient to suppress the dominance.
It is doubtful that the copy number of pGMI515 plays a major role in the dominance effect. pGMI515 is derived from RP4, which is a low-copy-number plasmid (13, 39) . In addition, even when R. trifolii nodulation genes are present on a high-copy-number plasmid in R. meliloti, the R. meliloti epistasis and/or dominance is observed (21) . It is also unlikely that the epistasis and/or dominance is due to an excessive concentration of nodFE products that are very homologous between R. trifolii and R. meliloti; when R. trifolii nodFE genes are present on a multicopy plasmid in R. trifolii, clover nodulation is not affected (35 trifolii, they modify the clover-specific signal to an alfalfaspecific signal which is not recognized by clover. Alternatively, the clover-specific signal could still be synthesized by R. trifolii but the presence of an alfalfa-specific signal inhibits the recognition of the clover-specific signal by clover.
